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a phase is a set of 
states of a macroscopic 
physical system that have 
relatively uniform chemical 
composition and physical 
properties (i.e. density, 
crystal structure, index of 
refraction, etc).

a phase change is the 
transformation of a 
thermodynamic system 
from one phase to 
another. the distinguishing 
characteristic of a 
phase transition is 
an abrupt change in 
one or more physical 
properties, in particular 
the heat capacity, with 
a small change in a 
thermodynamic variable 
such as the temperature.

a Phase change material 
(Pcm) is a substance 
with a high heat of 
fusion which, melting 
and solidifying at certain 
temperatures, is capable of 
storing or releasing large 
amounts of energy.
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classification

which have been used, their classification, characteristics, advantages and disadvantages and the
various experimental techniques used to determine the behaviour of these materials in melting and
solidification.

2.1.1. Non-commercial/commercial materials
Many substances have been studied as potential PCMs, but only a few of them are commer-

cialised as so.
Tables 1–6 present the different substances, eutectics and mixtures (inorganic, organic and fatty

acids), that have been studied by different researchers for their potential use as PCMs. Some of
their thermophysical properties are included (melting point, heat of fusion, thermal conductivity
and density), although some authors give further information (congruent/incongruent melting,
volume change, specific heat, etc.).

Table 7 shows a list of the commercial PCMs available in the market with their thermophysical
properties as given by the companies (melting point, heat of fusion and density), and the company
which is producing them.

2.1.2. Organic/inorganic materials
A comparison of the advantages and disadvantages of organic and inorganic materials is shown

in Table 8.
Notable among inorganic materials are hydrated salts and their multiple applications in the

field of solar energy storage [3,4]. In Chapter 1 of Lane [2] there is an extensive review of phase
change materials and especially hydrated salts. Chapter 3 of the same work covers the different
types of encapsulation and their compatibility with different materials.

A significant number of authors have based their work on organic materials such as alkanes,
waxes or paraffins [46–52]. Within organic materials, there is a class called MCPAM (Phase
change materials made up of molecular alloys), formed by alkane-based alloys which have the

Fig. 2. Classification of energy storage materials [1].
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desirable characteristics

density of the PCM, the smaller the necessary storage
volume required for each proposed application. This
implies a lower cost for the heat exchange structure or a
greater total heat storage capacity of the system for the
same overall volume. The reported results showed [1] that
one cannot simply consider any available data on technical
grade PCMs for designing an effective heat storage device,
as thermophysical properties vary from manufacturer to
manufacturer, mainly due to different level of impurities in
technical grade PCMs. A large number of materials are
known to melt with a high heat of fusion in any required
temperature range. However, their use as heat storage
material depends on the desirable thermal, physical,
chemical properties and economic factors. The main
characteristics required of the PCMs are indicated in
Table 4.

The methods available for determining the heat of
fusion, specific heat and melting point can be classified into
three groups, namely, conventional calorimetry methods,
differential scanning calorimetry methods and T-history
method. The differential scanning calorimeter (DSC)
provides quick and reliable results in the form of Energy-
Time diagrams (Thermograms) using very small quantities
of the sample (1–10mg). Evaluation of the thermograms
yields rather precise values of the phase transition
temperatures during melting and freezing of sample, the
heat of fusion and the specific heat variation as a function

of temperature. The DSC method is well developed and a
lot of researchers have used this method [8–15].

3. Encapsulation of PCM

Successful utilization of PCM and heat transfer fluid
depends on developing means of containment. The PCM
encapsulation with different geometries of capsules has its
own advantages and disadvantages.

3.1. Functions and requirements of PCM containment

PCM containment should:

(i) meet the requirements of strength, flexibility, corrosion
resistance and thermal stability;

(ii) act as barrier to protect the PCM from harmful
interaction with the environment;

(iii) provide sufficient surface for heat transfer;
(iv) provide structural stability and easy handling.

Types of containment studied are bulk storage in
tank heat exchangers, macroencapsulation and microen-
capsulation. Fig. 2 shows the various schematics of
containment used in latent heat thermal energy storage
(LHTS) systems [16].

ARTICLE IN PRESS

Table 3

Groups of phase change materials

Organic substances Inorganic substances Fatty acids Commercial PCMs

1 Paraffin C13 7 Mn(NO3)2 � 6H2O 20 Capric–lauric acid (45–55%) 28 RT25

2 1-Dodecanol 8 CaCl2 � 6H2O 21 34% Mistiric acid+66% Capric acid 29 STL27

3 Paraffin C18 9 LiNO3 � 3H2O 22 Vinyl stearate 30 S27

4 1-Tetradecanol 10 Na2SO4 � 10H2O 23 Capric acid 31 RT30

5 Paraffin C16–28 11 Na2CO3 � 10H2O 24 Lauric acid 32 TH29

6 Paraffin wax 12 CaBr2 � 6H2O 25 Myristic acid 33 RT40

13 Na2HPO4 � 12H2O 26 Palmitic acid 34 RT50

14 Zn(NO3)2 � 6H2O 27 Stearic acid 35 TH58

15 K3PO4 � 7H2O 36 RT65

16 Zn(NO3)2 � 4H2O

17 Na2HPO4 � 7H2O

18 Na2S2O3 � 5H2O

19 Zn(NO3)2 � 2H2O

Table 4

Main desirable characteristics of PCMs

Thermal properties Physical properties Chemical properties Economic factors

Phase change temperature suitable to

the desired operating range

High density Chemical stability Available in large quantities

High latent heat per unit mass Low density variation during phase

change

No chemical decomposition Inexpensive

High specific heat Little or no supercooling during

freezing

Compatibility with container

materials

High thermal conductivity in both

solid and liquid phases

Non-poisonous, non-inflammable

and non-explosive
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2.3.2. Corrosion of the materials
Most references on corrosion tests using salt hydrates were performed with diluted salt hy-

drates, as typically used in the chemical industry, and only a few presented results, usually based

Table 4

Organic substances with potential use as PCM

Compound Melting tem-

perature (�C)
Heat of fu-

sion (kJ/kg)

Thermal conductivity

(W/mK)

Density

(kg/m3)

Paraffin C14 4.5 [1] 165 [1] n.a. n.a.

Paraffin C15–C16 8 [1] 153 [1] n.a. n.a.

Polyglycol E400 8 [4,11] 99.6 [4,11] 0.187 (liquid, 38.6 �C) [4,11] 1125 (liquid, 25 �C) [4,11]
0.185 (liquid, 69.9 �C) [11] 1228 (solid, 3 �C) [4,11]

Dimethyl-sulfoxide

(DMS)

16.5 [28] 85.7 [28] n.a. 1009 (solid and liquid) [28]

Paraffin C16–C18 20–22 [29] 152 [29] n.a. n.a.

Polyglycol E600 22 [4,11] 127.2 [4,11] 0.189 (liquid, 38.6 �C) [4,11] 1126 (liquid, 25 �C) [4,11]
0.187 (liquid, 67.0 �C) [11] 1232 (solid, 4 �C) [4,11]

Paraffin C13–C24 22–24 [1] 189 [1] 0.21 (solid) [1] 0.760 (liquid, 70 �C) [1]
0.900 (solid, 20 �C) [1]

1-Dodecanol 26 [9] 200 [9] n.a. n.a.

Paraffin C18 28 [1] 244 [1] 0.148 (liquid, 40 �C) [30] 0.774 (liquid, 70 �C) [1]
27.5 [30] 243.5 [30] 0.15 (solid) [1] 0.814 (solid, 20 �C) [1]

0.358 (solid, 25 �C) [30]
1-Tetradecanol 38 [9] 205 [9]

Paraffin C16–C28 42–44 [1] 189 [1] 0.21 (solid) [1] 0.765 (liquid, 70 �C) [1]
0.910 (solid, 20 �C) [1]

Paraffin C20–C33 48–50 [1] 189 [1] 0.21 (solid) [1] 0.769 (liquid, 70 �C) [1]
0.912 (solid, 20 �C) [1]

Paraffin C22–C45 58–60 [1] 189 [1] 0.21 (solid) [1] 0.795 (liquid, 70 �C) [1]
0.920 (solid, 20 �C) [1]

Parffin wax 64 [4,11] 173.6 [4,11] 0.167 (liquid, 63.5 �C) [4,11] 790 (liquid, 65 �C) [4,11]
266 [6] 0.346 (solid, 33.6 �C) [4,11] 916 (solid, 24 �C) [4,11]

0.339 (solid, 45.7 �C) [11]
Polyglycol E6000 66 [4,11] 190.0 [4,11] n.a. 1085 (liquid, 70 �C) [4,11]

1212 (solid, 25 �C) [4,11]
Paraffin C21–C50 66–68 [1] 189 [1] 0.21 (solid) [1] 0.830 (liquid, 70 �C) [1]

0.930 (solid, 20 �C) [1]
Biphenyl 71 [4,11] 119.2 [4,11] n.a. 991 (liquid, 73 �C) [4,11]

1166 (solid, 24 �C) [11]
Propionamide 79 [11] 168.2 [11] n.a. n.a.

Naphthalene 80 [4,11] 147.7 [4,11] 0.132 (liquid, 83.8 �C) [4,11] 976 (liquid, 84 �C) [4,11]
0.341 (solid, 49.9 �C) [4,11] 1145 (solid, 20 �C) [4,11]
0.310 (solid, 66.6 �C) [11]

Erythritol 118.0 [31] 339.8 [31] 0.326 (liquid, 140 �C) [31] 1300 (liquid, 140 �C) [31]
0.733 (solid, 20 �C) [31] 1480 (solid, 20 �C) [31]

HDPE 100–150 [32] 200 [32] n.a. n.a.

Trans-1,4-polybuta-

diene (TPB)

145 [33] 144 [33] n.a. n.a.

n.a.: not available.
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Table 1

Inorganic substances with potential use as PCM

Compound Melting tem-

perature (�C)
Heat of fusion

(kJ/kg)

Thermal conductivity

(W/mK)

Density

(kg/m3)

H2O 0 [1,5] 333 [1] 0.612 (liquid, 20 �C) [1] 998 (liquid, 20 �C) [1]
334 [5] 0.61 (30 �C) [5] 996 (30 �C) [5]

917 (solid, 0 �C) [1]
LiClO3 � 3H2O 8.1 [6,7] 253 [6] n.a. 1720 [6]

ZnCl2 � 3H2O 10 [8] n.a. n.a. n.a.

K2HPO4 � 6H2O 13 [8] n.a. n.a. n.a.

NaOH � 3 1
2
H2O 15 [8] n.a. n.a. n.a.

15.4 [7]

Na2CrO4 � 10H2O 18 [8] n.a. n.a. n.a.

KF � 4H2O 18.5 [1,6,7,9] 231 [1,6,9] n.a. 1447 (liquid, 20 �C) [1]
1455 (solid, 18 �C) [1]
1480 [6]

Mn(NO3)2 � 6H2O 25.8 [18] 125.9 [10] n.a. 1738 (liquid, 20 �C) [10]
1728 (liquid, 40 �C) [10]
1795 (solid, 5 �C) [10]

CaCl2 � 6H2O 29 [4,11] 190.8 [4,11] 0.540 (liquid, 38.7 �C)
[4,11]

1562 (liquid, 32 �C) [4,11]

29.2 [7] 171 [1,9] 0.561 (liquid, 61.2 �C)
[11]

1496 (liquid) [1]

29.6 [6] 174.4 [12] 1.088 (solid, 23 �C) [4,11] 1802 (solid, 24 �C) [4,11]
29.7 [1,9] 192 [6] 1710 (solid, 25 �C) [1]
30 [8] 1634 [12]

29–39 [12] 1620 [6]

LiNO3 � 3H2O 30 [6] 296 [6] n.a. n.a.

Na2SO4 � 10H2O 32.4 [1,7,9] 254 [1,9] 0.544 [1] 1485 (solid) [1]

32 [13] 251.1 [12] 1458 [12]

31–32 [12]

Na2CO3 � 10H2O 32–36 [12] 246.5 [12] n.a. 1442 [12]

33 [6,7] 247 [6]

CaBr2 � 6H2O 34 [4,7,11] 115.5 [4,11] n.a. 1956 (liquid, 35 �C) [4,11]
2194 (solid, 24 �C) [4,11]

Na2HPO4 � 12H2O 35.5 [8] 265 [12] n.a. 1522 [12]

36 [12] 280 [6]

35[6,9] 281 [9]

35.2 [7]

Zn(NO3)2 � 6H2O 36 [4,7,11] 146.9 [4,11] 0.464 (liquid, 39.9 �C)
[4,11]

1828 (liquid, 36 �C) [4,11]

36.4 [1,9] 147 [1,9] 0.469 (liquid, 61.2 �C) [7] 1937 (solid, 24 �C) [4,11]
2065 (solid, 14 �C) [1]

KF � 2H2O 41.4 [7] n.a. n.a. n.a.

KðCH3COOÞ � 1 1
2
H2O 42 [8] n.a. n.a. n.a.

K3PO4 � 7H2O 45 [8] n.a. n.a. n.a.

Zn(NO3)2 � 4H2O 45.5 [8] n.a. n.a. n.a.

Ca(NO3)2 � 4H2O 42.7 [7] n.a. n.a. n.a.

47 [8]

Na2HPO4 � 7H2O 48 [7] n.a. n.a. n.a.
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sodium sulfate decahydrate solubility



inorganic eutectic Pcm substances



Yinping proposes a simple method for determining phase change temperature, undercooling,
enthalpy, specific heat, and thermal conductivity in solid and liquid phases. Temperature–time

Table 2

Inorganic eutectics with potential use as PCM

Compound Melting tem-

perature (�C)
Heat of fu-

sion (kJ/kg)

Thermal conductivity

(W/mK)

Density

(kg/m3)

66.6% CaCl2 � 6H2Oþ
33:3% MgCl2 � 6H2O

25 [6] 127 [6] n.a. 1590 [6]

48% CaCl2 þ 4:3% NaClþ
0:4% KClþ 47:3% H2O

26.8 [1,6] 188.0 [6] n.a. 1640 [6]

47% Ca(NO3)2 � 4H2Oþ
33% Mg(NO3)2 � 6H2O

30 [1] 136 [1] n.a. n.a.

60% Na(CH3COO) � 3H2Oþ
40% CO(NH2)2

31.5 [24]

30 [25]

226 [24]

200.5 [25]

n.a. n.a.

61.5% Mg(NO3)2 �6H2Oþ
38:5% NH4NO3

52 [11] 125.5 [11] 0.494 (liquid, 65.0 �C) [11] 1515 (liquid, 65 �C) [11]
0.515 (liquid, 88.0 �C) [11] 1596 (solid, 20 �C) [11]
0.552 (solid, 36.0 �C) [11]

58.7% Mg(NO3) � 6H2Oþ
41:3% MgCl2 � 6H2O

59 [11] 132.2 [11] 0.510 (liquid, 65.0 �C) [11] 1550 (liquid, 50 �C) [11]
58 [6] 132 [6] 0.565 (liquid, 85.0 �C) [11] 1630 (solid, 24 �C) [11]

0.678 (solid, 38.0 �C) [11]
0.678 (solid, 53.0 �C) [11]

53% Mg(NO3)2 �6H2Oþ
47% Al(NO3)2 �9H2O

61 [1] 148 [1] n.a. n.a.

14% LiNO3 þ
86% Mg(NO3)2 � 6H2O

72 [6] >180 [6] n.a. 1590 (liquid) [6]

1610 (solid) [6]

66.6% ureaþ 33:4% NH4Br 76 [11] 161.0 [11] 0.331 (liquid, 79.8 �C) [11] 1440 (liquid, 85 �C) [11]
0.324 (liquid, 92.5 �C) [11] 1548 (solid, 24 �C) [11]
0.649 (solid, 39.0 �C) [11]
0.682 (solid, 65 �C) [11]

11.8% NaFþ 54:3% KFþ
26:6% LiFþ 7:3% MgF2

449 [26] n.a. n.a. 2160 (liquid) [26]

35.1% LiFþ 38:4% NaFþ
26:5% CaF2

615 [26] n.a. n.a. 2225 (liquid) [26]

2820 (solid, 25 �C) [26]
32.5% LiFþ 50:5% NaFþ
17:0% MgF2

632 [26] n.a. n.a. 2105 (liquid) [26]

2810 (solid, 25 �C) [26]
51.8% NaFþ 34:0% CaF2 þ
14:2% MgF2

645 [26] n.a. n.a. 2370 (liquid) [26]

2970 (solid, 25 �C) [26]
48.1% LiFþ 51:9% NaF 652 [26] n.a. n.a. 1930 (liquid) [26]

2720 (solid, 25 �C) [26]
63.8% KFþ 27:9%
NaFþ 8:3% MgF2

685 [26] n.a. n.a. 2090 (liquid) [26]

45.8% LiFþ 54:2% MgF2 746 [26] n.a. n.a. 2305 (liquid) [26]

2880 (solid, 25 �C) [26]
53.6% NaFþ 28:6%
MgF2 þ 17:8% KF

809 [26] n.a. n.a. 2110 (liquid) [26]

2850 (solid, 25 �C) [26]
66.9% NaFþ 33:1% MgF2 832 [26] n.a. n.a. 2190 (liquid) [26]

2940 (solid, 25 �C) [26]
% in weight; n.a.: not available.
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Pcm vs. traditional thermal mass materials



concrete imPregnated with Pcms
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micronal® Pcm
thermal buffer for hot days



micronal® Pcm



architectural preceDents



david allan solar home



glauber’s salt chamber



technische universität darmstadt entry
solar decathlon 2007 winner
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wall sections



iwamoto scott
jellyfish house
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the cool vest



coolpack technology | how the Vest Works 

wicking fabric carries body heat released as perspiration 
away from the body toward the Pcm-filled packs lining the 
garment. 

coolPacks solidify at 59°f (15°c) and absorb body heat until 
saturated. 

insulation located at the exterior of the jacket minimizes 
absorption of ambient heat.

coolpack technology | Benefits 

helps maintain a safe body core temperature. 
 
reduces chances of heat stress—heat stroke and other job 
site injuries. 

increases alertness and Production capabilities 22%–37%. 
 
decreases reaction time improves safety when operating 
machinery. 

maintains a constant 59°f (15°c) temperature. because 
the temperature range of the packs (59°f) is well above 
the typical dew point, the packs will not condense and will 
remain dry against the body. 

recharges in 20 minutes and last up to 2.5 hours, based on 
average workload and individual metabolic rate, in a 100° f 
(38°c) environment, and can be recharged indefinitely. 

the typical weight of the jacket is 3 pounds for a 100°f 
product and 9 pounds for a 125–130°f product. 

coolpack technology | users  

the cool jackets and cool vest were designed for the 
industrial safety market. however their use has expanded to 
include hazmat teams, foundries, under bunker gear and 
military flak jackets, costume characters and by workers 
required to wear chemical or biological protective clothing.

the cool vest






